Summary: Previous studies in gerbils have shown that cytoskeletal disruption and a loss of the dendritic micro tubule-associated protein, MAP2, may occur after short periods of transient global ischemia. T, a predominantly axonal microtubule-associated protein, has not been ex amined following ischemia. We compared neuronal dam age with alterations in MAP2, T, and 72-kD heat shock protein (HSP72) immunostaining at various reperfusion times following 20 min of ischemia in the rat four-vessel occlusion model. T accumulated in neuronal cell bodies throughout the hippocampal formation 30 min to 2 h after the ischemic insult. Perikaryal T immunostaining was transient in most regions, but persisted in polymorphic hilar neurons. This was accompanied by a loss of immu no staining in the target of many hilar neurons, the inner Transient global ischemia is followed by a de layed loss of neurons in select brain regions, includ ing the hippocampus (for review see Schmidt Kastner and Freund, 1991) . Using the rat four vessel occlusion model (Pulsinelli and Brierly, 1979) , ischemia maintained for 20 min in halothane anesthetized animals results in neuronal damage in CAl and hilus, but not in CA3 (Jorgensen and Di emer, 1982; Pulsinelli et aI., 1982). The postisch emic rate of cell death is not uniform, with hilar neurons degenerating within a few hours, but CAl pyramidal cells degenerating 24-72 h following isch emia and reperfusion (Crain et aI., 1988; Hsu and Received August 3, 1993; final revision received October 28, 1993; accepted November 23, 1993. Address correspondence and reprint requests to Dr. James W. Geddes, 209 Sanders-Brown Building, University of Kentucky, Lexington, KY 40536-0230, U. S. A.
Summary: Previous studies in gerbils have shown that cytoskeletal disruption and a loss of the dendritic micro tubule-associated protein, MAP2, may occur after short periods of transient global ischemia. T, a predominantly axonal microtubule-associated protein, has not been ex amined following ischemia. We compared neuronal dam age with alterations in MAP2, T, and 72-kD heat shock protein (HSP72) immunostaining at various reperfusion times following 20 min of ischemia in the rat four-vessel occlusion model. T accumulated in neuronal cell bodies throughout the hippocampal formation 30 min to 2 h after the ischemic insult. Perikaryal T immunostaining was transient in most regions, but persisted in polymorphic hilar neurons. This was accompanied by a loss of immu no staining in the target of many hilar neurons, the inner Transient global ischemia is followed by a de layed loss of neurons in select brain regions, includ ing the hippocampus (for review see Schmidt Kastner and Freund, 1991) . Using the rat four vessel occlusion model (Pulsinelli and Brierly, 1979) , ischemia maintained for 20 min in halothane anesthetized animals results in neuronal damage in CAl and hilus, but not in CA3 (Jorgensen and Di emer, 1982; Pulsinelli et aI., 1982) . The postisch emic rate of cell death is not uniform, with hilar neurons degenerating within a few hours, but CAl pyramidal cells degenerating 24-72 h following isch emia and reperfusion (Crain et aI., 1988; Hsu and molecular layer of the dentate gyrus. The same neuronal populations that exhibited increased T immunostaining of perikarya later displayed an induction of HSP72 immu noreactivity. In contrast, loss of MAP2 immunostaining was not consistently observed before neuronal death and did not correspond to HSP72 induction. The altered T immunostaining is not the direct result of excitotoxic in sult, as intrahippocampal injection of kainic acid did not cause the somal accumulation of T, but did cause disrup tion of MAP2 immunostaining. Taken together, the re sults suggest that the somal accumulation of T is an early, sensitive, and selective marker of ischemic insult. Key Words: Cytoskeleton-Heat shock protein-Immuno cytochemistry-Alzheimer's disease-MAP2. Buzsaki, 1993; Johansen et aI., 1987; Pulsinelli et aI., 1982) .
Loss of a dendritic microtubule-associated pro tein MAP2 is a sensitive marker of early ischemic damage in the CA2 and subicular-CAl regions of the gerbil hippocampus (Kitagawa et aI. , 1989; Ya mamato et aI., 1986; Yanagihara et aI., 1990) . The loss of MAP2 immunoreactivity is symptomatic of a widespread disruption of the cytoskeleton as evi denced by alterations in tubulin, MAP1, and neuro filament immunoreactivity, as well as electron microscopic observations (Yanagihara et aI. , 1990) . In the rat brain, a loss of MAP2 has been observed following focal (Inuzuka et aI., 1990) , but not glob al, ischemia (Tomioka et aI., 1992) . To our knowl edge, ischemia-induced changes in the levels or lo calization of T, a predominantly axonal microtu bule-associated protein, have not been investigated. Alterations in T are associated with neurodegener ative disorders such as Alzheimer's disease (Bancher et aI., 1989) .
In this study, we used immunocytochemistry to examine T and MAP2 in the rat hippocampal forma tion at various reperfusion times following 20 min of ischemia under anesthesia. The distribution and time course of the cytoskeletal alterations was com pared with the pattern of induction of heat shock protein 72-kD-like immunoreactivity (HSP72), which has been linked to ischemic vulnerability (Gonzalez et aI., 1991; Simon et aI., 1991) and may participate in the rebuilding of the ischemia-dam aged cytoskeletal matrix (Tsang, 1993) . The results demonstrate that T is a sensitive marker of ischemic insult.
MATERIAL AND METHODS
Male Wi star rats (Harlan Sprague-Dawley, Indianapo lis, IN, U. S.A.), each weighing 25(}"'300 g, were prepared for reversible forebrain ischemia by our modification of the four-vessel occlusion (4VO) model adapted for inha lation anesthesia and modest hypotension (Pulsinelli and Brierly, 1979; Globus et aI. , 1988; Pettigrew et aI. , 1989) . Mter being anesthetized with an intraperitoneal injection of chloral hydrate (0. 5 mg/g), the animals underwent elec trocautery of the vertebral arteries at the first cervical vertebrae. The rats were given free access to food before being anesthetized, but were then fasted until ischemia was induced 24 h later. At the end of the 24-h recovery period, the animals were reanesthetized with Metofane.
Rectal temperature was maintained at 36-3rC by exter nal warming. A catheter fashioned from polyethylene PE SO (Clay Adams) tubing was inserted into' the tail artery for sampling of blood and measurement of systemic blood pressure. Brain electrical activity was recorded by the method of Willmore and colleagues (1978) . The animals were rendered ischemic by occluding the common carotid arteries with surgical clips and withdrawing arterial blood to produce mean systemic blood pressure of 8(}"'85 mm Hg (associated with an isoelectric EEG pattern). Isch emia was terminated after 20 min by loosening the clips and infusing the shed blood which had been maintained at 37°C. Reopening of the occluded carotid arteries was con firmed by visual inspection. Sham-ischemic rats were subjected to surgical preparation and nonocclusive ma nipUlation of the carotid arteries.
At various times after reperfusion (30 min, 2 h, 6 h, 24 h, and 72 h) the rats (11 animals for 6 and 24 h, 6-7 animals for all other postischemia times) were anesthe tized with sodium pentobarbital (60 mg/kg) and perfused transcardially with 100 ml 0.9% saline, followed by 300 ml of 4% paraformaldehyde in 0. 1 M Sprensen phosphate buffer (pH 7. 2). All brains were postfixed for 24 h in the same fixative and cryoprotected in 30% sucrose before freezing in powdered dry ice. The frozen tissues were stored at -70°C until required.
Kainic acid (5 f.lg in 0. 5 f.ll sterile saline) was injected into the CA3 region of six rats as described previously (Geddes et aI. , 1990) . Thirty minutes or 3 h after kainic acid injection (n = 3 for each time point), the animals were anesthetized and perfused transcardially with saline and 4% paraformaldehyde. The brains were removed, postfixed, and frozen as described above.
Immunohistochemistry
Sections (30 f.lm) were cut in coronal and horizontal planes with a freezing microtome. Free floating tissue sections were rinsed in three changes of Tris buffered saline (TBS, 50 mM, pH 7. 5). After blocking endogenous peroxidase activity with 3% hydrogen peroxide, sections were transferred into TBS containing 0. 1 % Triton X-IOO, followed by an incubation in 1. 5% horse normal serum. The primary antibodies used in this study were T-l (gift of Dr. L. I. Binder, 1:40, 000), MAP2 (clone HM-2, Sigma, 1 :20, 000), and anti-72-kD heat shock protein (Amersham, 1: 1 ,000). The production and characterization of each of the antibodies has been described in detail by other in vestigators (T-l: Binder et aI. , 1985; HM-2: Huber and Matus, 1984; HSP72: Welch and Suhan, 1986, Vass et aI. , 1988) . In the present study, controls for the specificity of the immunostaining included omission of the primary an tibody and immunoblots (Schwab et aI. , 1993) .
Tissue sections were incubated overnight at room tem perature in the primary antibody. Immunostaining was performed using a biotinylated anti-mouse secondary an tibody (preabsorbed against rat serum, Vector) and the avidin-biotin technique (Elite ABC kit, Vector). Diami nobenzidine was used as the peroxidase substrate. For enzymatic dephosphorylation, sections were treated with alkaline phosphatase (Sigma type VII-S, 100 U/ml) for 1 h at 37°C before incubation with the primary antibody. Cor responding tissue sections were stained with Cresyl vio let.
Hippocampal nomenclature
The hippocampal regions are as defined by Lorente de No (1934) . The CA2 region is difficult to delineate. Its border with CA 1 was based on the abrupt change in cell size, from the larger CA2 to the smaller CAl neurons. The lateral border with CA3 was estimated from the ex tent of mossy fiber innervation in T-1 immunostained sec tions. Mossy fibers innervate CA3, partially innervate CA2, and do not innervate CAL The CA3c region repre sents CA3 pyramidal neurons that lie between the two blades of the dentate gyrus.
RESULTS

Cresyl violet
The time course of neuronal death in the hippo campus following 20 min of ischemia, as assessed by chromatolytic changes, was similar to that ob served in previous studies utilizing the rat 4VO model (Kirino et aI., 1984; Monmaur et aI., 1986; Pulsinelli et aI., 1982) . At early reperfusion time points (30 min to 6 h), the neurons appeared normal in Cresyl violet-stained sections, although they seemed to be shrunken in the hilar region and in CA3c (Table 1) . By 24 h, pyknotic cells were evi dent in CAL At 72 h following reperfusion, neuro nal loss in CAl was observed in 7 of 10 hemispheres (Table I; Fig. 1 ). The magnitude of the cell loss varied between -50% and an almost total loss of neurons in CA I. Loss of neurons was also found in the hilar region and CA3c (Fig. 1) . Values are expressed as percent of hemispheres examined in which the alterations were observed. Numbers in parentheses indicate shrunken cells and bold numbers indicate cell loss. As terisks indicate that the changes were observed in only a few cells in the region. Blank fields indicate that Cresyl violet stain ing was similar to that observed in sham-operated controls.
7-1
In the sham-operated rats, the pattern of T-l im munoreactivity was consistent with the axonal lo calization described previously (Binder et al., 1985) . The neuropil was intensely stained and neu ronal perikarya and dendrites were immunonega tive. In the hippocampal formation, T-1 immunore activity was most prominent within the mossy fi bers of the CA3 region. In the molecular layer of the dentate gyrus, the inner third was usually more darkly stained than the outer two thirds (Fig. 2) . A slight increase in perikaryal T immunoreactivity in granule cells was observed in two sham-operated controls 6 h following nonocclusive manipulation of the carotid arteries. As described previously (Papa sozomenos and Binder, 1987) , enzymatic dephos phorylation of the tissue sections enhanced T-1 im munostaining and somatodendritic immunoreactiv ity became apparent. This was most pronounced along the dentate gyrus/hilus border where both spheroid and pyramidal dentate basket cells were intensely immunostained (Fig. 2) . Enzymatic de phosphorylation also resulted in increased T immu no staining in astrocytes and perineuronal glial cells, as described previously (Papasozomenos and Binder, 1987) .
Alterations in T-1 immunostaining were observed after 30 min of reperfusion. Patches of granule cells in the dentate gyrus were lightly T-1 immunoreac tive and perikaryal immunoreactivity was promi nent in basket cells along the dentate gyrus/hilar border. Additionally, pyramidal cells of the CAl region were lightly stained in 50% and CA3 neurons stained in 33% of the hemispheres examined ( 3). Increased 1" immunostaining also was evident in glial cells in both the gray and white matter at all postischemia time points, but particularly within the first few hours (Table 2; Fig. 3) . At 2 h after reperfusion, perikaryal staining in the granule cells and CA3 pyramidal neurons became more promi nent, and a number of hilar neurons were intensely immunostained. In addition, 1" immunoreactivity was reduced in the neuropil, particularly in the in ner molecular layer of the dentate gyrus and in mossy fiber axons in CA3 (Table 2; Fig. 2) . At 6 h, perikaryal staining was reduced but still evident in the granule cells of some rats. In these animals, 1" immunoreactivity also was reduced in CAl, but persisted in the hilar neuropil. Twenty four hours after the ischemic insult, the control pattern of staining was reestablished in most animals, al though decreased immunoreactivity in the inner molecular layer of the dentate gyrus was still ob served. Three days following reperfusion, the dis tribution of 1"-1 immunoreactivity was similar to that observed in the sham-operated controls, but the in tensity of staining was lower. In roughly one third of the animals, immunostaining appeared granular throughout CA 1-CA3, especially in the stratum oriens and radiatum (Fig. 4) . Two rats, at 24 h postischemia, and one rat at 72 h, showed granular staining in the mossy fiber layer.
MAP2
In sham controls, the distribution of MAP2 im munoreactivity was similar to that described previ ously (Bernhardt and Matus, 1984; DeCamilli et al., 1984) . Within the hippocampal formation, basal and apical dendrites of pyramidal cells, as well as den drites of granule cells and dendrites in the CA3c region were intensely stained, whereas perikarya of hippocampal neurons appeared only lightly stained (Fig. 5) .
Decreased dendritic MAP2 immunoreactivity and/or somatic accumulation was observed at reperfusion time points of 24 h or less in several hippocampal regions in a minority of the hemi spheres examined ( Fig. 5; Table 2 ). It was not until 72 h following ischemia and reperfusion that a loss of MAP2 immunostaining in CAl was consistently observed. The magnitude of the decreased immu nostaining paralleled the neuronal loss, being exten sive in some cases and moderate in others.
Heat shock protein
The distribution and time course of the induction of HSP72 immunostaining was similar to that ob served in previous studies utilizing the rat 4VO model (Gonzalez et al., 199 1; Hsu and Buzsaki, 1993) . Immunostaining of HSP72 was very faint in controls as well as in the 30-min and 2-h post-
W. GEDDES ET AL.
ischemia animals. Six hours after ischemia, faint and diffuse HSP72 immunoreactivity was evident in dentate gyrus granule cells and in some CAl pyra midal cells ( Fig. 6; Table 2 ). Twenty-four hours postischemia, pyramidal neurons were intensely immunoreactive in slightly over half of the hemi spheres examined (Table 2) . Most animals showed additional induction of HSP72 immunoreactivity in hilus, CA3, and CA2 ( Fig. 6; Table 2 ), whereas the staining in granule cells of the dentate gyrus de creased, as compared with the 6-h postischemia group. In the 72-h postischemia animals, HSP72 im munoreactivity was increased in CA3 pyramidal neurons and their dendrites. Loss of immunoreac tivity in CAl corresponded to neuronal loss, being extensive in some animals and patchy in others.
In summary, transient ischemia and reperfusion resulted in an increase of l' immunostaining in neu ronal perikarya throughout the hippocampal forma tion. This was maximal 2 h postischemia, and fol- lowed by an increase in HSP72 immunoreactivity in the same regions at 24-72 h following reperfusion. In contrast, loss of MAP2 immunostaining was not evident in most animals until 72 h postischemia, when decreased immunostaining in CAl was con sistently observed.
Kainic acid
To determine if excitotoxic insult might contrib ute to the somal l' accumulation, kainic acid (KA, 0.5 fLg) was injected into the CA3 region of the rat hippocampus. Thirty minutes following KA injec tion, the distribution of l' and MAP2 immunostain ing was similar to that observed in control animals. Three hours postinjection, disrupted MAP2 immu nostaining was observed in dendrites and soma of CA3 pyramidal neurons ipsilateral to the injection, but not in other areas of the hippocampal forma tion, whereas 1'-1 immunostaining appeared normal (Fig. 7) . Values are expressed as percent of hemispheres examined in which the alterations were observed. Bold numbers indicate somal accumulation of immunoreactivity. Numbers in parentheses indicate loss of immunostaining. Asterisks indicate that the changes were observed in only a few cells in the region. Blank fields indicate that the immunostaining was similar to that observed in control brains.
DISCUSSION
Alterations in the cellular distribution of T immu noreactivity in neurons throughout the hippocampal formation are evident shortly after ischemia and reperfusion. The increase in somatic T immuno staining is prominent in hilar neurons, which are especially vulnerable to ischemia (Hsu and Buz saki, 1993; Johansen et aI. , 1987) , but is also evident in CA3 pyramidal neurons and granule cells of the dentate gyrus, which are relatively resistant to isch emia-induced neuronal death (Pulsinelli et aI., 1982) .
The altered T immunostaining may result from changes in cellular localization and/or phosphoryla tion. T-l , the monoclonal anti-T antibody used in this study, recognizes a phosphorylation-depen dent, nonphosphorylated epitope and enzymatic dephosphorylation is required to reveal somatoden dritic T immunoreactivity in the adult rat brain (Pa pasozomenos and Binder, 1987) . Much of the isch emia-induced increase in T immunostaining in both neuronal and nonneuronal cells resembles results obtained following pretreatment of control tissue sections with alkaline phosphatase. Decreased T phosphorylation is consistent with previous studies that have demonstrated impaired kinase activity and decreased protein phosphorylation following FlG:4. T-1 immunostaining in horizontal sections through the CA 1 region of a sham-operated control (A) and 72-h postischemia rat (8). In the ischemic animal, T-1 immunoreactivity appeared granular throughout CA1, especially in stratum oriens and radiatum. Abbreviations: so, stratum oriens, sr, stratum radiatum; pyr, stratum pyramidale. Calibration bar: 50 f.l,m.
ischemia (Saitoh et ai., 1991; Taft et ai., 1988) . However, enzymatic dephosphorylation of tissue sections did not entirely reproduce the ischemia induced changes. It did not decrease T immuno staining in the neuropil or increase somal immuno reactivity to the same extent as observed following ischemia.
The loss of T immunostaining in the inner molec ular layer of the dentate gyrus is accompanied by intense perikaryal immunostaining in polymorphic hilar neurons. These neurons include mossy cells that project to the inner molecular layer of the den tate gyrus (Frotscher et ai., 1991) . Mossy cells, along with several types of spiny hilar neurons, are consistently damaged following ischemia (Hsu and Buzsaki, 1993) . Moreover, the loss of T immuno staining in the dentate gyrus inner molecular layer is consistent with the degeneration of this layer re vealed by silver staining (Crain et aI., 1988 , 1990a,b; Hsu and Buzsaki, 1993) . This dem onstrates that a shift in the localization of existing T contributes to the enhanced somal T immunostain ing, and that this precedes neuronal degeneration in vulnerable neurons. However, the enhanced somal T immunostaining in neurons that are resistant to ischemia-induced degeneration demonstrates that it provides an early and sensitive marker of ischemic insult but is not predictive of neuronal death. The loss of T from the inner molecular layer of the den tate gyrus in two sham-operated animals (nonocclu sive manipulation of the carotid arteries) suggests the possibility that T may be extremely sensitive to small alterations in blood flow.
In contrast to T, MAP2 was not a reliable marker of ischemic insult. The lack of change in most ani mals of MAP2 immunoreactivity at postischemia times <72 h is similar to observations in a previous rat study in which loss of MAP2 was not observed before neuronal death, using the 4VO, 20-min isch emia model (Tomioka et ai. , 1992) . In the gerbil brain, several studies by Yanagihara and colleagues (1990) have suggested that the loss of MAP2 immu nostaining in CA2 and the subicular CAl region is evident after even 5 min of ischemia, is irreversible, and precedes neuronal death in these regions and in CAL In contrast, Yoshimi and coworkers (199 1) observed a loss of MAP2 immunostaining in subic ulum-CAl and CA2 after 1 h of ischemia, but this was partially reversible after 48 h of reperfusion. In none of the gerbil studies has the loss of MAP2 preceded the death of CAl neurons lying between the CA2 and subicular borders. Thus, in both the rat and gerbil ischemia models the loss of MAP2 im munostaining is not a reliable marker of ischemic insult or impending neuronal death.
The loss of MAP2 immunostaining in a minority of animals, particularly at early postischemia time points, suggests some variability in the severity of the ischemic insult. Variability is also evident in T alterations. We could not correlate the different cy toskeletal responses to any measures associated with the ischemic insult or recovery period. One previous study using the rat 4VO, 20-min ischemia model also observed variability in the loss of MAP2 in CA 1 48 h after reperfusion (Tomioka et al., 1992) . It is uncertain if the variability is the result of dif ferences in the severity of the insult or in the re sponse of individual animals, but the loss of CAl neurons in 70% of the animals examined 72 h fol lowing ischemia and reperfusion is similar to results obtained by other investigators (Pulsinelli et ai., 1982; Kirino et ai. , 1984; Monmaur et ai. , 1986; Ordy et ai. , 1993) . Although the causes are uncer tain, the lack of complete uniformity in the response to ischemic insult is a common finding with the rat 4VO model of transient global ischemia.
Induction of a 72-kD heat shock protein (HSP72) is a sensitive marker of a variety of cellular stresses including ischemia, heat shock, hypoglycemia, and seizures (Brown, 1990) but is not necessarily pre dictive of neuronal death (Sloviter and Lowenstein, 1992) . The distribution of HSP72 immunostained neurons at 24-72 h postischemia is similar to those that displayed altered T immunostaining within the first 2 h. It is of interest that in rats, heat shock results in increased somal T immunostaining similar to that observed following ischemia, except that phosphorylation of T is increased post-heat shock (Papasozomenos and Su, 1991) . In addition, loss of T from axons and accumulation in the somatoden dritic compartment is an early event in the forma tion of neurofibrillary tangles in Alzheimer's dis ease (Bancher et ai. , 1989; Kowall and Kosik, 1987), and tangles are also immunoreactive with an tibodies against HSP72 (Hamos et al. , 1991) . The above results suggest that altered T localization and induction of HSP72 may be indicative of cellular insult in response to a variety of insults.
Excitotoxic mechanisms are strongly implicated in the delayed neuronal death resulting from isch emic insult (Benveniste, 1991; Choi, 1988; Rothman and Olney, 1986; Siesj6 and Bengtsson, 1989) . To determine if excitotoxic insult might be sufficient to cause the somal accumulation of T, we injected kainic acid into the CA3 region of the rat hippocam pus. This resulted in a loss of MAP2 immunostain ing in distal dendrites but somal accumulation of T was not observed in the kainate-injected hippocam pus. The kainate-induced loss of MAP2 is consis tent with a previous immunoblot study (Siman and Noszek, 1988) . Interestingly, glutamate and cal cium ionophores are also ineffective inducers of HSP72 in cultured cerebellar neurons . In a previous study, we demonstrated that colchicine-induced cytoskeletal disruption did not result in the somal accumulation of T (Geddes et J Cereb Blood Flow Metab, Vol. 14, No.4, 1994 aI. , 1994). Together, these studies demonstrate that the somal accumulation of T is not simply a nonspe cific response to neuronal insult.
Although excitotoxicity is thought to contribute to ischemia neuronal death, the addition of gluta mate to cultured neurons and the in vivo injection of excitotoxins differ in several respects from isch emic insult. For example, N-methyl-D-aspartate an tagonists attenuate neuronal death following gluta mate toxicity in vitro and in focal ischemia models, but are not effective in the rat global ischemia model under conditions similar to those used in this study (Nellgard et al., 1991) . One difference be tween ischemia and excitotoxic models is that the lack of energy substrates during ischemia compro mises energy-dependent mechanisms including glu tamate uptake and ion pumps such as the Na + IK + ATPase and Ca 2+ ATPases located in the plasma membrane and endoplasmic reticulum. The Ca 2 + ATPases, along with the Na + I Ca H exchanger, contribute to the maintenance of intracellular free calcium levels at the submicromolar level (Kie drowski et aI., 1992; Brandt and Neve, 1992; Mattson et aI., 1989) . The plasma membrane Ca 2+ ATPase is present in axons (Mata and Fink, 1989; Mata et aI., 1988) and its inhibition during ischemia might contribute to an elevation of axonal calcium in excess of that which would occur under aerobic conditions. Elevated intracellular calcium can in duce microtubule disassembly (Pirollet et al., 1992) , alter T immunostaining (Mattson, 1990) , and may contribute to the shift in T localization. Although this is largely speculative at this stage, glutamate can cause the somal accumulation of T in cultured cortical and spinal cord neurons under conditions in which Na + ICa H exchange is impaired (Sindou et aI., 1992) , which compromises the ability of the neuron to remove elevated intracellular Ca 2+ (Segal and Manor, 1992) .
CONCLUSIONS
Alterations in T immunostaining are evident shortly after ischemia and reperfusion. The perikaryal accumulation of T in neurons throughout the hippocampal formation precedes the induction of HSP72 immunostaining. Altered immunostaining of both proteins appears to reflect ischemic stress, but does not necessarily precede neuronal death. In contrast to T, loss of dendritic MAP2 immunostain ing was not a sensitive marker of ischemic insult. Intrahippocampal injection of kainic acid demon strated that excitotoxic insult can result in the loss of MAP2 but additional mechanisms are implicated in the ischemia-induced shift in neuronal T localiza tion.
